ABSTRACT Visible light communication (VLC) is a powerful supplement to the fifth generation (5G) mobile communications. In VLC system, the adoption of orthogonal frequency division multiplexing (OFDM) and relaying technique can greatly improve system performance. In this paper, we proposed a novel relay-assisted VLC system based on asymmetrically clipped direct current biased optical OFDM (ADO-OFDM) for 5G networks. An amplify-and-forward relay is used in the proposed system to forward the signals from source terminal and transmit its own signals simultaneously. The signals from source terminal are allocated to even subcarriers, while the signals from relay terminal are allocated to odd subcarriers. Then, these two parts of signals are combined to constitute ADO-OFDM signals. The signals on odd subcarriers don't interfere with the signals on even subcarriers, while the interference of the signals on even subcarriers to the signals on odd subcarriers can be eliminated by the noise estimation in ADO-OFDM system. Finally, both signals can be recovered at the receiver. We derive the formula of system throughput and investigate the impacts of two power allocation factors on system throughput. Simulation results show that the proposed system makes full use of the relay terminal and improves system throughput. In addition, simulation results also demonstrate that there are optimal power allocation factors to achieve maximum throughput.
I. INTRODUCTION
Compared with the Fourth Generation (4G) mobile communications, the Fifth Generation (5G) has the advantages of higher flexibility, reliability, spectral efficiency, robustness and scalability [1] - [4] . Though millimeter wave, small cell, indoor distribution and other coverage enhancement technologies have been proposed for 5G to improve indoor coverage, they are too complicated and high-cost. As a green communication technology, Visible Light Communication (VLC) has the functions of illumination and communication simultaneously [5] . In VLC system, white Light-Emitting Diode (LED) has been widely used in closed rooms for illumination because of its low cost [6] . VLC can support high capacity by virtue of the massive spectrum available at visible light bands [7] , [8] . Since the white light used for communications cannot go through the wall, the signals in different rooms cannot interfere with each other and VLC has high security [9] . Moreover, driven by the explosive increase of mobile data and the massive requirements for high-speed indoor wireless access, the integration of 5G mobile communications and VLC has been proposed to deal with the blind areas of indoor Radio Frequency (RF) coverage [10] . Therefore, VLC has the potential to be the indispensable supplement to indoor coverage.
Orthogonal Frequency Division Multiplexing (OFDM) is adopted as physical-layer (PHY) standard by 4G mobile communications because it supports high bandwidth efficiency, strong anti-interference capability, superior antifading capability and high data transmission rate [11] . Though OFDM is proved to be not the best candidate waveform for 5G, its improved versions such as Discrete Fourier Transform-spread-OFDM (DFT-s-OFDM), Filter-OFDM (F-OFDM) and Spectral Efficient Frequency Division Multiplexing (SEFDM) can effectively tackle the requirements of 5G scenarios and applications [12] . Therefore, OFDM and its variants are still the competitive PHY waveforms. In general, OFDM signal is bipolar, while the signal in VLC system using Intensity Modulation (IM) is unipolar [13] . So, in optical OFDM VLC system, the frequencydomain signals are constrained to have Hermitian symmetry. After Inverse Fast Fourier Transform (IFFT) and clipping, the time-domain signals are real-valued and non-negative.
In last few years, VLC system has been widely studied and developed. Several schemes for optical OFDM VLC system have been proposed such as Asymmetrically Clipped direct current biased Optical OFDM (ACO-OFDM), Direct Current biased Optical OFDM (DCO-OFDM) and Asymmetrically clipped Direct current biased Optical OFDM (ADO-OFDM) [14] . In DCO-OFDM system, Direct Current (DC) bias is added to the real-valued time-domain signals before clipping to ensure that the time-domain signals are nonnegative [15] . In this way, system performance has a lot to do with the value of DC bias because large DC bias would waste energy and cause strong clipping noise and then affect system performance. ACO-OFDM system has been proposed to avoid the impact of DC bias on system performance [16] . In ACO-OFDM system, only even subcarriers carry information, while odd subcarriers are set to zero. After IFFT, the waveforms of the time-domain signals are antisymmetric. So, all the negative values of the time-domain signals are directly clipped without any information loss. The clipping noise of ACO-OFDM only falls on odd subcarriers of the time-domain signals and is orthogonal to the transmission signals. Since clipping noise has no interference with the transmission signals, the impact of clipping noise on system performance can be eliminated, and then system performance can be improved. In ACO-OFDM system, half of subcarriers transmit the same signals as the other half of subcarriers. The bandwidth utilization in ACO-OFDM system is almost half of that in DCO-OFDM system. So, the performance of ACO-OFDM system can be improved at the cost of bandwidth utilization. Integrating the advantages of ACO-OFDM and DCO-OFDM, a novel optical OFDM VLC system named ADO-OFDM has been proposed [17] , which has higher bandwidth utilization than ACO-OFDM system and lower Bit Error Rate (BER) than DCO-OFDM system. The comparison of these three systems is expounded in [18] - [20] .
In VLC system, obstacles may often exist between source and destination terminals, which deteriorate the information transmission quality. More often than not, there are multiple illuminators in a closed room. We can choose one of the illuminators as a relay terminal to assist the information transmission between source and destination terminals. In this sense, VLC system can be combined with relaying technique to enhance communication stability and indoor communication coverage. The applications of Full-Duplex (FD) and Half-Duplex (HD) relay in VLC system are broadly investigated [21] - [23] . In [24] and [25] , a cooperative VLC system where the relay terminal operates in FD mode is investigated. In [26] , the system based on HD relay is compared with the system based on FD relay and BER results are shown. A relay-assisted VLC system where the relay terminal operates in HD mode is proposed in [27] . The authors proved that cooperation can provide significant performance gains. Amplify-and-Forward (AF) and Decode-and-Forward (DF) are two common-used relay protocols in wireless systems [28] , [29] . AF relay is combined with hybrid VLC-RF communication system for e-health applications in [30] , where the outage probability is analyzed. Reference [31] and [32] investigate a cooperative VLC system using both DF and AF protocols. The system performance using different relay protocols are analyzed and discussed.
In all the proposed relay-assisted VLC systems, relay terminal only assists source terminal in forwarding signals to destination terminal. The relay terminal only acts as an auxiliary terminal, so it is not fully utilized. Therefore, we propose a novel relay-assisted VLC system based on ADO-OFDM for 5G networks. The relay terminal in this system can achieve stable communication between source and destination terminals. Meanwhile, the communication between the relay terminal and its own destination terminal can be accomplished. The main contributions of this paper are listed as follows.
• A novel relay-assisted VLC system based on ADO-OFDM is proposed and designed. In the proposed system, the relay terminal can forward the signals from source terminal and transmits its own signals to the corresponding destination terminal simultaneously.
• Two power allocation factors are introduced and analyzed. The formula of system throughput is deduced and the impacts of the two allocation factors on system throughput have been studied by simulations. Our results demonstrate that system throughput can be maximized by choosing the appropriate power allocation factors.
• The sum system throughput of cooperative link and direct link under different cooperative channel gains is also analyzed. Simulation results show that the proposed relay-assisted VLC system can achieve higher system throughput when forwarding channel condition is better than direct channel condition. The rest of this paper is organized as follows. Section 2 describes the transmitter and receiver structures in ADO-OFDM system, respectively. Section 3 elaborates the proposed relay-assisted VLC system and deduces the formula of system throughput. Section 4 presents simulation results for system throughput under different conditions. Finally, Section 5 concludes the paper.
II. PREPARATORY KNOWLEDGE
ADO-OFDM system is the combination of DCO-OFDM and ACO-OFDM systems. Fig.1 shows the structure of VOLUME 6, 2018 ADO-OFDM transmitter. At the transmitter, serial bits first go through Quadrature Amplitude Modulation (QAM) and Serial-to-Parallel (S/P) conversion to form complex-valued signals on N subcarriers. Then, the modulated signals are constrained to have Hermitian symmetry. So, we obtain a vector X K with Hermitian symmetry. Subsequently, X K is divided into two independent parts: the signals on odd subcarriers and the signals on even subcarriers. Then, we obtain Fig.3 shows the proposed relay-assisted system model. In Fig.3 , Node S is the source terminal, node R is the relay terminal, and nodes D1 and D2 are the destination terminals of the nodes S and R, respectively. There are two separate time slots during the transmission. During the first time slot, the node S transmits the source signals to both the nodes R and D1 in the form of DCO-OFDM. During the second time slot, the node R amplifies and forwards the mixed signals to the nodes D1 and D2 in the form of ADO-OFDM. In the mixed signals, some of the source signals with higher SNR are forwarded to the node D1 in the form of ACO-OFDM on even subcarriers, while relay signals are transmitted to the node D2 in the form of DCO-OFDM on odd subcarriers. In this paper, we define
III. SYSTEM MODEL
The most commonly-used modulation method in VLC system is IM and Direct Detection (IM/DD). We assume that S uses 2K subcarriers and the signal on the kth subcarrier is noted as ξ k . For calculation simplification, K is an even number in this paper. To transmit signals in optical system, the modulation signals must be real and non-negative, requiring that ξ 1 = ξ K +1 = 0 and ξ 2K +2−k = ξ * k , for k = 2, 3, . . . , K . Hence, the signals sent by the source terminal can be expressed as
where θ = [θ 1 , θ 2 , . . . , θ K −1 ] stands for the transmission data of S. We assume that the total transmission power of source and relay terminals is P and the corresponding allocation factor is K P . The power of S and R are P S = K P P and P R = (1 − K P )P, respectively.
During the first time slot, the signals received by the node D1 are expressed by
where the symbol '•' represents the Hadamard product of two vectors,
] represents the channel gain between S and D1, and v SD 1 represents the AWGN at D1. v S clip is the clipping noise of the source signals whose power is given by (3) , as shown at the top of the next page, where B S represents the DC bias of the DCO-OFDM signals transmitted from S to D1. The functions of g(x) and Q(x) are respectively given by
The signals received by R are
where v SR denotes the AWGN at R,
] represents the channel gain between S and R. R receives the information on 2K − 2 subcarriers and calculates the SNRs on these subcarriers. According to (2) and (5), the SNRs of y SD 1 and y SR are respectively given as follows
where σ 2 and P U i = 1 W for i = 1, 2, ..., K /2 − 1. Then, we sort these chosen subcarriers in the form of ACO-OFDM. The signals that R forwards to D1 are given by
where
Meanwhile, the signals transmitted from R to D2 are expressed as
The transmission power of R is divided into two parts. Supposing the allocation factor as K R , e = (1 − K P )K R P is the power allocated to even subcarriers, while o = (1 − K P )(1 − K R )P is the power allocated to odd subcarriers. The signal power on each odd subcarrier is γ = o K −2 . The amplification factor for even subcarriers G S is calculated as
where P µ 1 ,i is the ith element of P µ 1 , which is the power vector of µ 1 . P µ 1 ,i is given by (11) as shown at the top of this page. By substituting (11) into (10), G S can be rewritten as
During the second time slot, R transmits both the signals from S and its own signal. The signals from S are amplified and combined with the signals from R in the form of ADO-OFDM. So, the signals sent by the relay terminal are ζ = G S × µ 1 + √ γ × µ 2 , which are rewritten according to (8) and (9) as follows
where the signals on even subcarriers and odd subcarriers are respectively given by
Therefore, the powers of ζ e and ζ o are respectively expressed as follows
Therefore, the signals received by D1 and D2 during the second time slot are respectively expressed as follows
where y RD 1 (20) , as shown at the top of the next page, where B R is the DC bias of the transmission signals from R to D2. According to (18) and (19) , the SNRs of y RD 1 and y RD 2 are respectively calculated as follows
where P µ 2 is the power vector of µ 2 whose elements are given by (23) as shown at the top of the next page. The total throughput of D1 and D2 over 2K subcarriers are respectively obtained as follows
By substituting (6) , (21) and (22) into (24) and (25), C D 1 and C D 2 can respectively be rewritten as
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IV. SIMULATIONS AND DISCUSSIONS
The throughput of the proposed relay-assisted system and the direct transmission system are compared in this section. All simulations are implemented on MATLAB. The simulation parameters are presented as follows. The number of subcarriers is N sub = 32, the number of symbols on each subcarrier is N sym = 20, the total power of S and R is P = 100W, and the AWGN power is P awgn = 1W. Fig.4 shows the throughput of D1 versus the power allocation factor K P for the proposed relay-assisted system and the direct transmission system, respectively. In this paper, the ''cooperative'' in the legends means the relay-assisted system, while the ''direct'' means the normal direct transmission system without relay terminal. In the direct transmission system, the signals received by D1 are directly transmitted from S, while in the proposed relay-assisted system, the signals received by D1 consist of the direct signals from S and the forwarded signals from R. The direct signals are transmitted in the form of DCO-OFDM, while the forwarded signals are transmitted in the form of ADO-OFDM. As shown in Fig.4 , the throughput of D1 for the direct transmission system improves with the increase of K P mainly because the power of S increases with the increase of K P . As a result, the power increase of S leads to the subsequent increase of SNR for D1. The throughput of D1 in the proposed relayassisted system first improves, because the increase of K P enhances the power of S. Subsequently, the increase of K P brings about the increase of SNR for the direct signals from S. Then, the throughput of D1 begins to decline when K P increases to around 0.7 due to that the power of R decreases with the increase of K P . Thus, the SNR of the forwarded signals from R decreases. In general, the throughput of D1 in the proposed relay-assisted system is higher than the throughput of D1 in the direct transmission system, because the relayassisted system improves the SNR of the signals received by D1. Fig.5 demonstrates the throughput of D2 versus the power allocation factor K P for the proposed relay-assisted system FIGURE 6. Total throughput of D1 and D2 in both the relay-assisted system and the direct transmission system. and the direct transmission system, respectively. In the direct transmission system, the power of R is divided into two parts. One part is used for forwarding the signals from S, while another part is used for transmitting its own signals. It can be seen that the throughput of D2 degrades with the increase of K P for both systems. Because the power of R decreases with the increase of K P , the SNR of the signals received by D2 decreases that leads to the degradation of throughput of D2. Since half the power of R is used for forwarding signals to D1, the SNR of the signals received by D2 degrades. The throughput of D2 in the proposed relay-assisted system is reduced to almost half of the one in the direct transmission system. Fig.6 compares the total throughput of D1 and D2 for the proposed relay-assisted system and the direct transmission system. It is demonstrated that both the total throughput curves of D1 and D2 first increase and then decrease with the increase of K P . It is noted that there is a certain optimal K P in Fig.6 to achieve the maximum throughput for both systems. In addition, the total throughput in the direct transmission system is higher than the one in the proposed relayassisted system when K P is small. For a small K P , since the throughput improvement of D1 is not enough to compensate the throughput loss of D2, the total throughput in the proposed relay-assisted system is lower. With the increase of K P , the throughput of D2 for both systems decreases. Because the throughput improvement of D1 can compensate the throughput loss of D2, the total throughput in the proposed relayassisted system is a little higher than that in the direct transmission system. Finally, when K P is close to 1, the power of R is close to 0. As a result, the throughput of D2 is almost 0 and the received signals of D1 are just from the direct transmission. Only at this point, the throughputs of both systems are equal when K P is close to 1. Fig.7 presents the throughput of D1 versus the power allocation factor K P in the case of different values of h SD1 for the proposed relay-assisted system and the direct transmission system. It can be seen that the general trend of each curve pair is similar to the curve pair in Fig.4 . It also can be seen that the throughput of D1 degrades with the decrease of h SD1 . The throughput of D1 in the proposed relay-assisted system with the same h SD1 is always higher than that in the direct transmission system. In addition, for a fixed K P , the proposed relay-assisted system has more improvement in the throughput of D1 when h SD1 becomes smaller, or equivalently, the channel condition between S and D1 gets worse. Fig.8 shows the throughput of D1 versus the power allocation factor K P in the case of different values of h SR for the proposed relay-assisted system and the direct transmission system. For ease of comparison, the curve of the throughput of D1 versus K P for the direct transmission system is redrawn in Fig.8 . As shown in Fig.8 , it is demonstrated that the general trend of the curves for different values of h SR is similar to that in Fig.4 . The performance of cooperative link is related to the channel characteristic between S and R. Fig.8 shows that when h SR becomes smaller, the throughput of D1 decreases. Nevertheless, the throughput of D1 for the relay-assisted system is always higher than the one for the direct system due to the cooperation of R. Fig.9 and Fig.10 demonstrate the throughput of D1 and D2 versus the power allocation factor of R K R , respectively. As shown in Fig.9 , the throughput of D1 increases with the increase of K R , because the increase of K R can enhance the power of the forwarded signals from R to D1. As shown in Fig.10 , the throughput of D2 degrades with the increase of K R due to that the increase of K R can reduce the power of the transmission signals from R to D2.
V. CONCLUSION
In this paper, a novel relay-assisted system based on ADO-OFDM for VLC is proposed for 5G networks. In the proposed relay-assisted system, ADO-OFDM is used at the relay terminal to transmit mixed signals which consist of relay signals and a part of source signals to D2 and D1, respectively. The unused subcarriers in the conventional relay-assisted VLC system based on ACO-OFDM are utilized to transmit the signals of relay terminal. In simulations, we investigate the throughput of D1 and D2. By changing two power allocation factors K P and K R , their impacts on system throughput under different channel conditions are elaborated. According to simulation results, three conclusions can be drawn. First, the proposed relay-assisted system has higher flexibility than conventional relay-assisted VLC system since the relay terminal in the proposed relay-assisted system can transmit signals from the source terminal and its own signals simultaneously. Then, the proposed relay-assisted system can achieve maximum throughput of D1 by choosing the appropriate power allocation factor K P . Finally, the proposed relay-assisted system can achieve maximum sum throughput of D1 and D2 by choosing the appropriate power allocation factor K R .
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